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ABSTRACT
Survival and establishment of mangrove propagules at higher tidal elevations beyond the
landward margin of their distribution is a requirement for the continued existence of mangrove
populations in response to rising sea-level. Despite the growing body of literature that discusses
mangrove recruitment patterns, few studies have empirically examined establishment and postestablishment growth success of propagules at the higher intertidal positions into witch
mangrove populations are migrating. Using an experimental field approach, this study compares
establishment and post-establishment growth success of propagules at three positions across a
tidal elevation gradient within a landward-transgressing mangrove population of SW Florida
(USA). I observed black mangrove, Avicennia germinans, recruitment as adults of this taxon
may occupy low to high tidal elevations of the intertidal zone in SW Florida, indicating that
propagules are capable of successfully establishing and reaching reproductive age in novel
environments. However, establishment and post-establishment growth of A. germinans in
encroachment areas landward to that of lower intertidal positions has not been examined. To
accomplish this, I began by monitoring movement patterns of marked A. germinans propagules
released at three intertidal positions during a high spring tide to confirm that propagule dispersal
to encroachment areas located at higher tidal elevations occurred at the selected field site.
Propagule survival, establishment success, and post-establishment growth rate of seedlings was
monitored during a reciprocal transplant study utilizing two of the three intertidal positions, one
representing a lower intertidal area within the mangrove population’s niche and one representing
a higher intertidal area beyond the population’s landward margin. Regardless of parental tree
iv

origin, A. germinans propagules had greater establishment success in the lower intertidal
position. Likewise mean seedling height was consistently greater among established seedlings in
the lower intertidal although the difference in mean seedling height between tidal locations
decreased linearly over the monitoring period. Propagule mortality was greatest at the higher
intertidal position (27.5% of tethered propagules died) when compared to that in the lower
intertidal (0.07%). Interestingly, the tidal position of propagule origin significantly influenced
survival only during the first 33 days of the reciprocal transplant experiment. After this time
interval and establishment as a seedling, no mortality was observed in either treatment position
for 125 days. Together, results show that intraspecific variation in A. germinans propagule
establishment and post-establishment seedling growth exists in landward transgressing
populations across intertidal positions. My findings indicate that abiotic conditions of the higher
intertidal environments into which mangroves are migrating may be detrimental for early life
stages of A. germinans but not seedlings. Combined, my results suggest that investigations into
mangrove success at novel intertidal positions should focus on limitations at the propagule life
stage as there was no indication that survivorship varied among tidal elevation once mangrove
seedlings were established. Finally, assessing maternal reserves of dispersing propagules may
provide additional insight into the importance of mangrove propagule origin on initial survival.
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INTRODUCTION
Mangrove ecosystems, commonly found in tropical low-lying coastal areas, are
threatened globally by the impact of rising sea-level due to climate change (Ellison and Stoddart,
1991; Di Nitto et al., 2014; Feller et al., 2017). Historical and modern observations indicate that
mangrove forests can maintain their population in response to rising sea-level and associated
stressors such as increased tidal frequency, inundation duration, and salinity by expanding their
distribution landward through successful establishment of new individuals higher in the intertidal
zone relative to their parent tree location (Semeniuk, 1994; Gilman et al., 2008; Soares, 2009;
López-Medellín et al., 2011, Smith et al., 2013; Di Nitto et al., 2014). This pattern of recruitment
[defined here as “the process in which new individuals found a population or are added to an
existing population” (sensu Eriksson and Ehrlén, 2008)] has been identified as a key resilience
strategy used by species across terrestrial and aquatic ecosystems to maintain populations by
mitigating the negative effects of changing climatic factors (Davis, et al., 1998; Foden et al.,
2013; Comte et al., 2014).
Successful landward transgression of mangrove populations is linked directly to the
dispersal dynamics of mangrove propagules. When a propagule undergoes abscission, it falls
directly beneath the parent tree where it is then subject to dispersal primarily via tidal movement.
Regardless of species or abscission location within the intertidal zone, mangrove propagules
disperse a short distance (< 3 m) on average from their parent tree (McGuinness, 1997; Sousa et
al., 2007; De Ryck et al., 2012) and disperse most frequently in a seaward direction (Sousa et al.
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2007; Peterson and Bell, 2015). For a mangrove population to shift its distribution landward,
propagules abscising from parent trees occupying low intertidal positions must disperse to higher
tidal elevations to colonize habitable areas beyond the landward margin of the existing
population. Though landward propagule dispersal is infrequent, high tidal height events, such as
spring tides and storm surges, have the potential to disperse mangrove propagules to these higher
intertidal positions, unreachable under normal tidal action (Peterson and Bell, 2015). In addition
to hydrodynamic limitations, successful dispersal landward may be limited by impermeable
biotic boundaries at the population’s landward margin composed of herbaceous species,
characteristic of higher intertidal positions such as salt succulents, forbs, and grasses. However,
studies have shown that mangrove propagule dispersal beyond upper tidal vegetative boundaries
is possible and these high intertidal plants may even facilitate propagule establishment (Peterson
and Bell, 2012; Peterson and Bell, 2015). Based upon previous experimental evidence cited
above and from the modern documentation of mangrove expansion landward, propagule
dispersal landward has been documented and propagules are successfully establishing at
positions higher than their parent tree’s position along a tidal elevation gradient (Gilman et al.,
2008; Krauss et al., 2011; López-Medellín et al., 2011; Raabe et al., 2012).
Post-dispersal, initial establishment of mangrove propagules requires an inundation free
period, or a window of opportunity (Balke et. al, 2011), when hydrodynamic forces are reduced
and a root of a threshold minimum length can subsequently anchor into the substrate. Though
higher intertidal positions are flooded by daily tidal inundation less frequently than lower
intertidal positions (Watson, 1928), frequent standing water can be found at higher intertidal
positions due to decreased flushing by tidal action and surface depressions (Mendelssohn et al.,
1981; Metaxas and Scheibling, 1994; McKee et al., 2002). Specifically, the likelihood of
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propagule establishment decreases with floatation time (Simpson et al., 2017) and frequent
standing water promotes propagule decay which in turn, decreases the likelihood of
establishment (Patterson et al., 1997). In addition, enhanced predation activity has been linked to
greater propagule herbivory as tidal elevation increases, often inhibiting propagule establishment
(Delgado et al., 2001[but see Lindquist et al., 2009]). Established mangrove seedlings can also
be influenced by abiotic conditions typical of high intertidal positions. Early mangrove seedling
growth has been shown to be negatively impacted by increased edaphic salinity, an attribute of
high tidal environments (Ellison and Farnsworth, 1993; Dangremond et al., 2015; Robert et al.,
2015). Together these findings suggest that the abiotic and biotic conditions representative of
high intertidal environments may impose a challenge to successive life history stages of
propagules dispersing to areas outside of the population’s distributional boundaries.
Most studies investigating mangrove recruitment have focused on observing recruitment
dynamics of mangrove populations occupying intertidal positions within their fundamental
niche. Although it is apparent that mangrove populations are migrating into higher intertidal
areas, knowledge of mangrove recruitment patterns under these novel conditions is lacking.
Experimental evidence demonstrates that within a mangrove’s ecological niche, the fraction of
mangrove propagules successfully transitioning to rooted seedlings is highest at intertidal
positions similar to their parent tree (Clarke and Myerscough, 1993; Delgado et al., 2001). These
findings corroborate information from previous studies discussing the negative impacts of higher
tidal environments on early mangrove life history stages and suggest that the novel areas into
which mangrove propagules disperse may pose a challenge to colonization. However, other
studies have found greater rates of propagule survival and establishment success outside of their
parent tree intertidal position (Smith, 1987; Jiménez and Sauter, 1991; Sousa et al., 2007).
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The discrepancy offered by previous studies further highlights the need to determine the
recruitment patterns of landward transgressing mangrove populations and examine whether
exacerbated or reduced variation in establishment and post-establishment growth occurs along
tidal elevations as a population expands to occupy a novel tidal elevation. Increased or similar
survival, establishment success, and post-establishment growth of propagules at novel tidal
elevations compared to that of their parent tree position may suggest that successful recruitment
into landward encroachment areas will be based on dispersal limitations rather than a
propagule’s physiological tolerance of high intertidal environments. Decreased propagule
survival, establishment success, and post-establishment growth of individuals at novel tidal
elevations compared to that of their parent tree position suggests that propagules are adapted to
the environmental conditions of their parent tree intertidal position. Significant reduction in
mangrove propagule fitness at high intertidal positions supports previous findings proposing that
the areas mangroves are encroaching into are detrimental to early mangrove life history stages.
Here I present a field study of the intraspecific recruitment dynamics of a landward
transgressing black mangrove, Avicennia germinans, population. Specifically, I investigated if
propagule stranding intertidal position is a predictor of propagule survival, establishment, and
early seedling growth. I focused on testing these metrics at intertidal positions representative of
either a niche mangrove tidal elevation or that of a higher intertidal position into which
mangroves are migrating. To accomplish this, first I examined A. germinans propagule dispersal
in the field to determine dispersal patterns relative to original abscission location in the intertidal
zone. Building on this, I examined metrics of A. germinans propagule establishment and growth
at parent tree intertidal positions and at other tidal elevations into which propagules were
dispersing. This study provides a unique empirical examination of the underlying recruitment
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dynamics of a landward transgressing mangrove population. Results may provide support for
predictions of future mangrove population distribution shifts and maintenance in response to
rising sea-level.

5

MATERIALS AND METHODS
Study Site and Target Species
All field experiments were conducted at a 400 m x 150 m mixed mangrove expanse of
Honeymoon Island, a barrier island inside the boundaries of Honeymoon Island State Park, FL
(28°04'44.8" N, 82°50'12.4" W). Examination of satellite imagery revealed that the site’s mixed
mangrove population has experienced rapid expansion of its upper intertidal margin into a
saltpan habitat over the past twenty years (Fig. 1). Though all three of the true mangrove taxa of
Southwest Florida (Rhizophora mangle, Avicennia germinans, and Laguncularia racemosa) are
present at the site, A. germinans was the target species of this study primarily because it is the
focal species of mangrove encroachment studies, dominating other mangrove taxa at the upper
intertidal boundary of its latitudinal range (McKee, 1995; Delgado et al., 2001; Sousa et al.,
2007; Alleman and Hester, 2011; Peterson and Bell, 2015). Ample numbers of reproductive A.
germinans adults are found along the length of the site’s intertidal gradient (Grogan, personal
observation). Propagules begin forming in late July and reproductive adults continue producing
through October.
It is known that inundation strongly influences Avicennia germinans recruitment at the
dispersal, establishment, and post-establishment stage (Ellison and Farnsworth, 1993; Krauss et
al., 2008; Peterson and Bell, 2015). Thus, the natural variation in hydrodynamic characteristics
along the study site’s intertidal gradient was utilized to empirically examine how intertidal
position of the parent tree may affect A. germinans propagule dispersal, establishment, and
seedling growth. Intertidal position of the parent tree represents the original location of a
6

propagule post-abscission before dispersal begins. The intertidal positions chosen as treatment
levels for field experimentation represent areas inhabited by A. germinans that vary by
inundation characteristics. Specifically, during spring and neap tide events, the range between
maximum and minimum standing water levels (m) varies across intertidal positions (Fig. 2). Site
observation revealed all selected intertidal positions as elevations where A. germinans
propagules can disperse and successfully establish during the maturation and subsequent
abscission period of propagule recruitment. Transects spanning the site at 10 m intervals were
established parallel to the tidal gradient. Location of the “Low” or “Lower” intertidal position
was determined for each transect as the apparent delineation of the mangrove fringe’s inland
boundary and confirmation of a distance threshold of 50 to 70 m to the tidal cove (Fig. 3). The
“Middle” intertidal position was designated as the location along each transect 45 m towards the
shoreface from the “Low” treatment position and the “High” intertidal position was designated
as the location along each transect 45 m towards the shoreface from the “Middle” treatment
position. Along each transect, the location of each treatment intertidal position was permanently
marked with a PVC pipe.
Site conditions include a mean sea level of 0.99 m with a mean tidal range of 0.61 m. The
site is subjected to a semi-diurnal tidal regime and experiences tidal action from both its
shoreface, located along the Gulf of Mexico, and its backbarrier, located along a tidal cove (Fig.
2). However, tidal inundation from the gulf does not reach more than 15 m inland under normal
conditions whilst tidal inundation entering the site from the cove reaches inland up to 100 m
(Grogan, personal observation during a high spring tide). Thus, the lower intertidal position is
found at the backbarrier face along the tidal cove, and the intertidal zone extends inland from this
position towards the shoreface. Daily high tidal inundation of the site is restricted to the lower
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intertidal for late fall into spring. During the highest astronomical tide events (spring and neap
tides) between May and October, tidal inundation reaches the upper most intertidal elevations
occupied by A. germinans (Fig. 2).

Field Test of Propagule Dispersal
A mark and recapture study was conducted to confirm that landward dispersal of
propagules was occurring at the site. This experiment tested whether the original location of an
Avicennia germinans propagule along the intertidal gradient affects propagule dispersal distance
and direction in the field. Marked propagules were at three intertidal positions (“Lower”,
“Middle”, “Upper”) along eight permanent transects that ran from the identified mangrove fringe
inland boundary to the highest edge of the mangrove encroachment area ending just before the
foredune (Fig. 3). The established transects were dispersed across the study area to account for
potential variation in environmental conditions between transect locations within the site. HOBO
U20L-004 data loggers were deployed at each intertidal position for the duration of the
experiment to continuously record inundation water level and confirm the expected variation in
inundation characteristics between treatment positions (Appendix A: Fig. A1).
To obtain propagules, a single reproductive A. germinans tree was identified within a 5 m
radius of each of the three intertidal position markers along all transects on 4 September 2017 [n
= 3 trees (one tree per intertidal position) per replicate (n = 8)]. A parent tree radius of 0.3048 m
was outlined around the base of each selected tree to represent the under-canopy area where
propagules naturally fall post-abscission. Mature propagules nearing the time of natural
abscission were handpicked from designated adults and transported immediately to the
laboratory where pericarps were gently removed. Propagules were weighed and measured;
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propagules affected by herbivory, fungal growth, insect damage or rot were discarded. Fifteen
screened propagules ranging from 17 to 31 mm in length were chosen for each parent tree
sampled. Propagules were then marked using one of three colors of Stops Rust Glass spray
paint™ (white, yellow, blue) to differentiate propagules by treatment. Each propagule received
an identification number written directly on the marked cotyledons that allowed for
differentiation of individual propagules by transect and by parent tree when recovered in the
field. Previous studies using this marking method found no effect of spray paint and pericarp
removal on propagule buoyancy during dispersal (Sousa et al., 2007; Peterson and Bell, 2015).
Propagules (n = 15 per treatment, n = 45 per replicate, n = 360 total) were released
haphazardly within the 0.3048 m radius of their corresponding parent tree on 5 September 2017
during a diurnal low tide. Dispersal direction and distance of released propagules in reference to
their parent tree were assessed on 7 September 2017, 37 h after deployment, approximately one
day post-high spring tide. High spring tidal events during May through October inundate all
treatment positions along the tidal gradient of the site and thus provide the greatest predicted
opportunity for propagule dispersal to upper tidal positions (Grogan, personal observation).
In order to follow propagules and determine their fate and distance travelled, a search
protocol was established prior to the experiment. In a mock dispersal trial, researchers searched
for propagule mimics beginning within the parent tree radius and spanning outward in all
directions for a maximum of 15 minutes; 100 % recovery of propagule mimics (location of each
propagule was known prior to trial) was achieved at all treatment positions during the protocol
study. This search protocol was followed for all replicate treatments of the current study on 7
September 2017. Propagules recovered within the parent tree radius (~ 0.3048 m) were noted and
the linear dispersal distance (m) orthogonal to the closest point on the parent tree radius was
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noted for propagules recovered outside of the initial emplacement area. The recovered position
of each propagule found outside of its parent tree radius was recorded as either (1) landward
(indicating movement to a higher tidal elevation) or (2) seaward (indicating movement to a lower
tidal elevation). The base of the parent tree was used as the 0 m reference when recording
recovery position of each tree’s propagules. Condition of recovered propagule was noted with
respect to presence or absence of herbivory. Herbivory of recovered propagules was recorded but
was found to be minimal (Grogan, personal observation).
Propagule fate post-deployment was initially assessed by comparing the proportional
differences for individuals of each treatment group that were 1) not recovered; 2) recovered
within the parent tree radius; 3) recovered landward of initial emplacement; 4) recovered
seaward of initial emplacement; and 5) recovered with no discernible direction in reference to
initial emplacement. Propagules not recovered were considered to be either consumed by
predators or dispersed outside of the search radius. This later assumption was based upon the
100% rate of recovery achieved during the earlier mock dispersal study and > 91% recovery
achieved during a pilot study in the summer of 2016 that utilized the mock dispersal study’s
search protocol but utilized A. germinans propagules (Grogan unpublished data, 2016).

Reciprocal Transplant
A reciprocal transplant experiment was conducted in the field to examine the effect of
original intertidal location, or parent tree intertidal position, and stranding intertidal position on
initial performance of Avicennia germinans propagules post abscission from their parent tree.
This experiment was designed to detect signs of local adaptation shown by A. germinans along a
tidal gradient. Possible local adaptation was observed through multiple early life-history metrics:

10

1) propagule survival; 2) propagule establishment success; 3) propagule time to establishment
(days); and 4) post-establishment seedling growth (cm).
Two intertidal position treatments (“Low” and “Middle”) were utilized to represent
variation in A. germinans habitat along a tidal gradient. I did not include the “Upper” intertidal
position in this experiment because results of the dispersal experiment demonstrated that
dispersed propagules with an original location in the “Low” or “Middle” intertidal position were
unable to reach the “Upper” position over a high spring tide and thus unlikely to reach this
position within the window of opportunity for a propagule to establish (Grogan, personal
observation). A 25 x 25 m area was defined at each intertidal position for propagule placement. I
chose the “Low” position location following the selection procedure conducted in the dispersal
study; however an area within the lower intertidal environment that contained ample space for
propagules to be placed outside of the canopy of neighboring plant species was selected. The
“Middle” intertidal position was chosen 45 m towards the shoreface away from the “Low”
habitat along the tidal gradient. This area also contained ample space for propagules to be placed
outside of the canopy of neighboring plant species. Areas for propagule placement were not
weeded and were open to herbivory.
Propagules nearing the time of natural abscission were collected from a random selection
of A. germinans adults spaced > 3m apart inhabiting either the “Low” or “Middle” intertidal
position. The exact parent tree of a propagule was not recorded, thus maternal line was not
accounted for in this experimental design. Upon collection, propagules were immediately
transported to the laboratory where pericarps were gently removed. One hundred and twenty
propagules (19 to 34 mm in length) unaffected by herbivory, fungal growth, insect damage, or
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rot were chosen out of the population of propagules from each origin treatment (intertidal
position); these were then prepared for placement in the field.
A tethering scheme was utilized to keep propagules from dispersing outside of the areas
in which they were placed; 0.15 m of monofilament fishing line was pulled through the
cotyledons of each propagule with a sewing needle, avoiding contact with the embryo. Each
propagule was tied to the top of a 9.5 mm steel garden stake. The tethered propagules were
stored in individual, open plastic baggies until field placement. The elapsed time between
propagule collection and field placement was approximately 36 h.
Tethered propagules from each intertidal position treatment were randomly chosen to be
“stranded” at their original location (i.e. “residents”, n = 60) or reciprocally transplanted to the
other intertidal position (i.e. “transplants”, n = 60). At each of the 25 x 25 m habitat areas,
tethered propagules were staked on 28 September 2017 in rows parallel to the tidal gradient in
0.30 m increments, increasing the distance between samples if obstruction by established plant
species occurred (n = 120 per environment). Garden stakes were implanted in the sediment; thus
propagules were flush against the sediment surface and allowed to disperse within the length of
their 0.15 m tether.
The initial performance of transplant and resident propagules was measured by recording
individual survivorship and establishment success every 3 to 4 days for a 33 d period. Propagules
were considered dead if cotyledons were > 90% brown and/or if tissue was > 50 % consumed by
detritivores by the following sampling date. Observations of predation and cotyledon damage
due to desiccation, rot, or fungal growth were noted; however it was not possible to differentiate
mortality by cause. Establishment of a propagule was recorded as successful if the propagule
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became firmly rooted into the substrate and the cotyledons were no longer in contact with the
sediment (Fig. 4).
Post-establishment growth of transplant and resident propagules was measured by
recording aboveground seedling height at 28 to 35 d intervals for a 91 d period. Individuals were
excluded from growth analysis if the propagule had not successfully established after the
preliminary 33 d observation period. Seedling height (cm) was measured from the sediment
surface at the base of the seedling’s shoot to the apical meristem and leaves were recorded
quantitatively once visible. The loss of an established seedling’s cotyledons and observations of
leaf or meristem damage were also noted.

Statistical Analyses
Propagule Dispersal: Recovery success, movement outside of the emplacement area,
recovered direction relative to the emplacement area, and recovered distance from the
emplacement area were evaluated using Avicennia germinans propagule counts. The effect of
origin intertidal position on the total number of propagules 1) recovered vs not recovered, 2)
recovered within the parent tree radius vs recovered outside of the parent tree radius, and 3)
recovered landward vs seaward of initial emplacement was assessed using Chi-square tests.
The effect of A. germinans propagule original location (i.e. intertidal position) on
propagule dispersal distance was analyzed using generalized linear models (GLM) with a
lognormal distribution. Propagule dispersal direction and the interaction between dispersal
direction and intertidal position were initially included as predictors in each model but were
removed after proving insignificant. The significance of intertidal position on propagule
dispersal distance was evaluated by analysis of deviance using χ2 probabilities. In addition, the
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GLM model chosen was re-run to determine the significance of intertidal position on propagule
dispersal distance for only propagules that dispersed in a landward direction, as successful
dispersal of propagules to higher tidal elevations is a requirement of successful population
expansion inland (Krauss et al., 2008; Peterson and Bell, 2015). The significance of intertidal
position on landward distance of propagule dispersal was evaluated by analysis of deviance
using χ2 probabilities.
Reciprocal Transplant: Previous experimental and observational studies have found an
average time-to-establishment of 14 days for Avicennia germinans propagules with
establishment likelihood (and thus survival likelihood) significantly decreasing with time past
day 30 of stranding (Rabinowitz, 1978; Delgado et al., 2001; Sousa et al., 2007). Empirical
evidence from my study, in addition to literature information above suggested that examination
of early Avicennia germinans metrics should be broken into two distinct time periods: (1) initial
day of tethering (0 d) to day 33 of the monitoring period and (2) day 33 to the end of the
monitoring period (158 d). The first time period represents a critical establishment period for A.
germinans propagules and the second time period represents a period when most propagules
have entered the seedling stage of development. I chose to analyze A. germinans survivorship
and establishment over two distinct time periods to better capture the potential influence original
location and stranding location had on these life-history metrics at each stage.
Propagule and seedling survival and propagule establishment success was analyzed using
Kaplan-Meier survival curve estimates and a Cox Proportional Hazards model. A log-rank test
was performed to test the null hypothesis that both survival and establishment success KaplanMeier estimates were equal. The Cox Proportional Hazards analysis was utilized to compare the
risk of propagule and seedling mortality from each of the two stranding locations and each of the
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two locations propagules originated from. A separate Cox Proportional Hazards analysis was
utilized to compare the risk of propagule establishment (consequently analyzing establishment
success) between stranding locations and between origin locations. The average time-toestablishment of propagules of each stranding location and origin location treatment combination
were compared using non-parametric statistics (Kruskal-Wallis H test) as data could not meet
assumptions of normality.
The effects of stranding location and original location on Avicennia germinans seedling
height were analyzed using a linear mixed-effects model. Stranding location and original
location were considered fixed effects. Time of height observation was considered a fixed effect
as well as a random effect, along with a ‘subject’ random effect term, to account for repeated
measures of the seedlings. The significance of adding each model term to the null model was
assessed by analysis of deviance using χ2 probabilities. Resulting models were compared using
Akaike Information Criterion (AICc) scores.
Models including original location as a predictor resulted in both an insignificant effect
size (p > 0.05) and large increase in AICc scores (∆AICc ~ 24). Thus original location was
removed from the models. When significant main effects were detected through analysis of
variance, multiple post-hoc Tukey’s HSD tests were performed to determine significant
differences among main effect levels and interaction term levels. All analyses were conducted
using R v 3.3.2 (R Development Core Team, 2016).
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(A)

(B)

(C)

Figure 1. Honeymoon Island, FL (28°04'44.8" N, 82°50'12.4" W) study site location. Satellite
imagery (Google earth, 2017) taken in (A) 1998 (B) 2007 and (C) 2016. Red borders denote the
boundaries of the mixed-mangrove fringe that has transgressed westward into a saltpan habitat
for the past two decades. Width of the mangrove fringe (east to west) has increased overtime as
has mangrove density within the saltpan. The western shoreface experiences minimal daily tidal
inundation from the Gulf of Mexico while the eastern backbarrier experiences daily tidal
inundation reaching up to 100 m inland under summer tidal conditions.
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Figure 2. Study site diagram (not to scale) of intertidal gradient utilized for both experiments.
Mangrove taxa depicted represent Avicennia germinans though other mangrove species are
found at the site. The “Middle” and “Upper” intertidal positions represent areas where active
expansion of the leading edge of the A. germinans fringe (“Low”) is occurring. Inundation
characteristics vary by intertidal position; histograms represent water level (m) frequencies per
intertidal position over a 36 h period during a high spring tide.

17

Figure 3. Honeymoon Island, FL (28°04'44.8" N, 82°50'12.4" W), study site location with
intertidal position treatment markers (Google earth, 2017). Location of the “Low” intertidal
position per transect is denoted by the green marker; location of the “Middle” intertidal position
per transect is denoted by the red marker; location of the “Upper” intertidal position per transect
is denoted by the blue marker. Marker dimensions are not to scale. Not all transects utilized are
represented in this image.
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(A)

(B)

Figure 4. Established Avicennia germinans propagules. Establishment of a propagule was
recorded as successful if the propagule became firmly rooted into the substrate and the
cotyledons were no longer in contact with the sediment. (A) Propagule tethered to below
substrate garden stake. (B) Propagule cut from tether once established.
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RESULTS
Field Test of Propagule Dispersal
Propagule recovery success was remarkably low during this study in comparison to the
recovery success achieved during a pilot study (>91%) and that of the mock dispersal study
(100%). Across all replicate transects, 54.72% of propagules were recovered within or outside of
their parent tree radius 37 h after deployment. The number of recovered propagules within or
outside of their parent tree radius of the “Middle” intertidal position exceeded that of the
“Lower” and “Upper” intertidal positions (Table 1.) However, the number of propagules
recovered was independent of origin intertidal position (χ2 = 4.51, df = 2, p = 0.105). A
significant effect of origin intertidal position on propagule dispersal outside of the parent tree
radius was observed (χ2 = 7.25, df = 2, p < 0.05). The proportion of propagules recovered outside
of their parent tree radius was highest in the “Middle” intertidal position compared to the
“Lower” and “Upper” positions (Table 1).
The number of propagules dispersed outside of their parent tree radius in a landward or
seaward direction did not differ significantly by intertidal position (χ2 = 3.85, df = 2, p = 0.464).
Across all treatment levels, propagules that dispersed outside of their parent tree radius were
recovered most frequently in a landward position relative to their parent tree, though movement
in a seaward direction was also observed (Table 1; Fig. 5). The proportion of propagules that
dispersed outside of their parent tree radius recovered in a landward position relative to their
parent tree was greatest at the “Upper” intertidal position (~78%).
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Across all treatment levels, recovered propagules dispersed on average less than 5 m
from the parent tree radius though substantial variation was found between the sample variances
of the observed dispersal distances of each treatment group [propagules released in the “Lower”
intertidal position (σ2 = 33.65 m); propagules released in the “Middle” intertidal position (σ2 =
12.75 m); propagules released in the “Upper” intertidal position (σ2 = 1.97 m)]. The greatest
distance dispersed outside of the parent tree radius by a recovered propagule in either a seaward
(14.15 m) or a landward direction (22.59 m) occurred in the “Lower” treatment position. An
effect of parent tree intertidal position on dispersal distance was observed (χ2 = 13.41, df = 2 p =
0.001), as the mean dispersal distance of propagules released in the “Lower” and “Upper”
intertidal position recovered outside of their parent tree radius differed significantly (4.08 ± 0.99
m and 1.10 ± 0.20 m, respectively) independent of dispersal direction. The mean dispersal
distance of propagules released in the “Middle” intertidal position (2.93 ± 0.46 m) was less than
that of the “Lower” position propagules, but did not differ significantly from other treatment
levels (p = 0.15). Neither dispersal direction nor the interaction between intertidal position and
dispersal direction influenced the dispersal distance of propagules recovered outside of their
parent tree radius. Amongst propagules that were recovered in a landward position relative to
their parent tree radius (n = 107), mean dispersal distance was significantly greater for
propagules released in the “Lower” intertidal position when compared to the “Upper” intertidal
position (Fig. 6; 4.23 ± 1.19 m and 1.05 ± 0.20 m, respectively). Propagules released in the
“Middle” intertidal position that moved landward of their parent tree dispersed the farthest on
average (2.57 ± 0.51 m), but did not differ significantly in mean dispersal distance compared to
other treatment levels (p = 0.82).
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Table 1. Fate of marked propagules in dispersal field study 37 h post deployment for (A)
“Lower” treatment (B) “Middle” treatment and (C) “Upper” treatment. A total of 120 propagules
were released at each treatment position. Number of propagules recovered per origin intertidal
position is presented below. Proportions of propagules recovered within their parent tree radius
(PT Radius), recovered seaward of their parent tree, recovered landward and recovered in an
indiscernible direction outside of their parent tree are presented. Column “Lost” represents a
small number of propagules per treatment level that were recovered but were lost before position
and distance were determined.

(A) “Lower” Intertidal Position
Number
Recovered

% Within
PT Radius

% Seaward

% Landward

% No
Direction

% Lost

56

33.9

10.7

46.4

3.6

5.4

(B) “Middle” Intertidal Position
Number
Recovered

% Within
PT Radius

% Seaward

% Landward

% No
Direction

% Lost

72

13.9

23.6

56.9

4.2

1.4

(C) “Upper” Intertidal Position
Number
Recovered

%Within
PT Radius

% Seaward

% Landward

% No
Direction

% Lost

72

26.1

10.1

60.0

1.4

4.3
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Figure 5. Box plot of dispersal distance (m) of recovered Avicennia germinans propagules relative to parent tree intertidal position
treatment level [“Lower” (n = 37); “Middle” (n = 62); “Upper” (n = 51)]. Positive distance values to the right of the dotted line
represent propagule movement in a landward direction; negative distance values to the left of the dotted line represent propagule
movement in a seaward direction. Each box has a black line representing the median distance (m) value for that origin position.
Twenty five percent of the total recorded dispersal distances per treatment position fall between the lower quartile bound (25th
percentile) and the lower whisker of each box plot (whisker extending to the left of the median). Another 25% of the total recorded
dispersal distances per treatment position fall between the upper quartile bound (75th percentile) and the upper whisker of each box
plot (whisker extending to the right of the median)
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Figure 6. Mean distance ± SE (m) landward of parent tree intertidal position where Avicennia
germinans marked propagules were recovered 37 h post deployment. Different letters above SE
bars represent significantly different dispersal distances between treatment positions. The
significance of intertidal position on propagule dispersal distance was evaluated by analysis of
deviance using χ2 probabilities.
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Reciprocal Transplant
On 5 March 2018, 158 d after initial tethering in the field, 69.2% of the initial 240
stranded Avicennia germinans propagules were alive with 99.4% of the 166 surviving propagules
successfully established at the end of the monitoring period. Survivorship differed among
resident (propagules “stranded” at their original location) and transplant (propagules “stranded”
at the other intertidal position) individuals in each stranding location. At the “Low” intertidal
position, 94.4% of resident individuals (propagules and established propagules or “seedlings”)
survived to the final monitoring date compared to 90.6% of transplants (Fig. 7). Conversely, in
the “Middle” intertidal position, 76.8% of transplants compared to 55.6% of residents survived
(Fig. 7). Substantial cotyledon rot was frequently observed at all intertidal positions 3-4 d prior
to propagule mortality. Mortality of propagules and seedlings due to herbivory was minimal
(Grogan, personal observation).
I observed that in each treatment group over 65% of surviving propagules had established
by day 33 [“Low” residents (82.4%); “Low” transplants (91.7%); “Middle” residents (70.8%);
“Middle” transplants (69.8%)]. Survivorship of seedlings (propagules that had established) was
100% across all treatment groups over the monitoring period. Thus all observations of mortality
represent death at a propagule life stage. Across all treatment groups, the number of deaths was
greatest amongst propagules that had not established by day 33 of the monitoring period (66.7%
of total propagule fatalities).
The influence original location and stranding location had on Avicennia germinans
propagule and seedling survival was clearly observed over the first 33 days of the monitoring
period. Recordings of mortality were censored as established seedlings and the few viable
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propagules that had yet to establish may have survived past 33 d. Kaplan-Meier curve estimate
analysis of propagule and seedling mortality revealed a significant difference in survival
probabilities between the “Middle” and the “Low” origin intertidal positions (χ2 = 16.1, df = 1, p
< 0.0001) as well as the “Middle” and the “Low” stranding locations (χ2 = 9.4, df = 1, p = 0.003).
Modeling the risk of propagule and seedling mortality over the first 33 days of monitoring
revealed that the additive effect of original location and stranding location significantly affected
the hazard rate of the individuals (Table 2). Residents and transplants of a “Middle” intertidal
origin were approximately 22 times more likely to die during the first 33 days of the monitoring
period than individuals of a “Low” intertidal origin (Table 2). Residents and transplants tethered
or “stranded” in the “Middle” intertidal position were approximately 6.5 times more likely to die
during these first 33 days than individuals stranded in the “Low” intertidal position (Table 2).
Survival analysis of day 33 to the end of the monitoring period (158 d) examined the
influence stranding location and original location had on A. germinans mortality during a period
when the majority of propagules had established across all treatment groups (~80% of
propagules had established by day 33 out of the total number of propagules established by day
158). Recordings of mortality were censored at day 158 as established seedlings and the single
viable propagule that had yet to establish survived past this time point. Kaplan-Meier curve
estimate analysis of propagule (~20% not yet established) and seedling mortality revealed a
significant difference in survival probabilities between the “Middle” and the “Low” stranding
intertidal positions (χ2 = 15.9, df = 1 , p < 0.0001). Modeling the risk of propagule and seedling
mortality between 33 d and 158 d of monitoring revealed that the effect of stranding location
significantly affected the hazard rate of the individuals (Table 3). Unlike the previous survival
analysis, original location was not a significant predictor of propagule and seedling mortality (χ2
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= 0.3, df = 1, p = 0.61) from day 33 to day 158. Residents and transplants stranded in the
“Middle” intertidal position were approximately 5 times more likely to die during this time
period than individuals stranded in the “Low” intertidal position (Table 3).
Establishment success differed among resident and transplant propagules in each
stranding location. Residents [n = 51 (94.4% of tethered propagules)] and transplants [n = 48
(90.6% of tethered propagules)] stranded in the “Low” intertidal position had high proportions of
successful establishments (Fig. 8). In contrast, “Middle” resident propagules had only 24 (54.5%
of tethered propagules) successful establishments by 5 March 2018 (Fig. 8). Interestingly,
transplant propagules had a greater number of successful establishments (n = 43) in the “Middle”
intertidal position compared to residents (Fig. 8).
The intertidal position in which propagules were stranded affected the establishment
success of resident and transplant propagules during the first 33 days of the monitoring period.
Recordings of establishment were censored at day 33 as viable propagules that had yet to
establish may have established past this time point. Kaplan-Meier curve estimate analysis
revealed a significant difference in propagule establishment probabilities between the “Middle”
and the “Low” stranding intertidal positions (χ2 = 30.2, df = 1 , p < 0.0001). Residents and
transplants stranded at the “Middle” intertidal position were 61% less likely to establish over the
first 33 days of stranding then propagules stranded in the “Low” intertidal position (Table 4).
Though the proportion of “Low” origin propagules established by day 33 (62.6%) was greater
than that of “Middle” origin propagules (56.5%), original location was not a significant predictor
of establishment success (χ2 = 0.7, df = 1, p = 0.39). Interestingly, neither stranding location nor
original location significantly affected the establishment success of propagules from day 33 to
day 158 of the monitoring period (Table 5).
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Stranding location was a significant predictor of propagule time-to-establishment. Of the
propagules that successfully established, the majority (55.6%) of those stranded in the “Low”
intertidal position established by 20 October 2017, 22 d after tethering. This was significantly
different than the 26 d time period it took the majority (62.7%) of propagules stranded in the
“Middle” intertidal position to establish (H = 14.94, df = 1, p < 0.001). Original location did not
significantly influence propagule time-to-establishment (H = 0.96, df = 1, p = 0.357).
Similar to its effect on A. germinans survival, establishment success, and rate of
establishment, the intertidal position in which individuals were stranded influenced the postestablishment growth of seedlings (Fig. 9). Analysis of variance revealed a significant difference
in post-establishment seedling height between stranding locations and a significant interaction
between stranding location and sampling date (Table 5 and Fig. 9). A difference in mean
seedling height between the two stranding locations was maintained for all sampling dates after
the initial measuring date; mean seedling height was consistently greater among seedlings
established in the “Low” intertidal position compared to seedlings established in the “Middle”
intertidal position throughout the duration of the experiment. The greatest difference in mean
seedling height between the two stranding locations occurred at day 33 (the initial time point of
the growth analysis); the difference in mean seedling height decreased linearly over the
monitoring period (Fig. 9). As expected, both stranding location treatment groups displayed a
positive linear trend in growth over time with a mean increase in seedling height of 11.89 (±0.27)
cm in “Low” intertidal seedlings and 10.33 (±0.29) cm in “Middle” intertidal seedlings from the
initial date of growth monitoring (31 October 2017).
Propagule original location did not significantly influence mean seedling height over the
duration of the growth monitoring period (χ2 = 1.91, df = 1, p = 0.17). Interestingly, transplant
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seedlings of the “Low” intertidal position had a greater mean change in seedling height (7.13 ±
0.14 cm) compared to resident seedlings (6.42 ± 0.09 cm; Fig. 9) on the final observation date.
Resident seedlings of the “Middle” intertidal position had a greater mean change in seedling
height compared to transplant seedlings on the final observation date though the variation
between the two groups was minimal (6.59 ± 0.21 cm and 6.53 ± 0.17 cm, respectively).
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Table 2. Results of the Cox Proportional Hazards model for the risk of propagule and seedling
mortality over the first 33 days of the monitoring period. A total of 240 individuals were
included in this analysis. The additive effect of stranding location and original location was
utilized as the predictor of this regression.

Parameter Standard
Estimate
Error

z

P value

Hazard
Ratio

Origin Location
(Mid vs Low)

3.082

1.030

2.994

0.003

21.807

Stranding Location
(Mid vs Low)

1.871

0.633

2.955

0.003

6.493
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Table 3. Results of the Cox Proportional Hazards model for the risk of propagule and seedling
mortality from day 33 to day 158 (the end of the monitoring period). A total of 211 individuals
were included in this analysis. The effect of stranding location was utilized as the sole predictor
of this regression; origin location was not a significant predictor of mortality.

Parameter Standard
Estimate
Error
Stranding Location
(Mid vs Low)

1.634

0.459
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z

P value

Hazard
Ratio

3.563

<0.001

5.125

Table 4. Results of the Cox Proportional Hazards model for the risk of propagule establishment
over the first 33 days of the monitoring period. A total of 240 propagules were included in this
analysis. The main effect of propagule stranding location was utilized as the sole predictor of this
regression; origin location was not a significant predictor of establishment.

Parameter Standard
Estimate
Error
Stranding Location
(Mid vs Low)

-0.950

0.181
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z

P value

Hazard
Ratio

-5.235

<0.0001

0.387

Table 5. Results of the Cox Proportional Hazards model for the risk of propagule establishment
from day 33 to day 158 of the monitoring period. A total of 90 propagules were included in this
analysis. Neither the effect of stranding location nor the effect of original location were
significant predictors of this regression.

Parameter Standard
Estimate
Error

z

P value

Hazard
Ratio

Origin Location
(Mid vs Low)

-0.387

0.347

-1.115

0.265

0.679

Stranding Location
(Mid vs Low)

-0.013

0.323

-0.039

0.969

0.988

33

Table 6. Linear mixed-effects model assessing the effects of stranding location and time on
post-establishment seedling height. Original location of the propagule was not a significant
predictor of seedling height. Tukey’s HSD post-hoc tests were used to evaluate significant
predictor terms.

Post-establishment seedling height
Model Term

df

SS

MS

F-value

Stranding
Location (E)

1

27.63

27.63

25.488**

Time (t)

4

4.27

1.07

0.984

Ext

4

28.24

7.06

6.513*

Post-hoc Tukey HSD tests
Stranding Location (E)
Ext

Low (L) > Middle (M)
∆E t0 > ∆E t34 > ∆E t69 > ∆E t97 > ∆E t125

P < 0.001 ***; P < 0.05 *
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Low Intertidal Environment

Percentage of Individuals
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Figure 7. Proportion of individuals (propagules and established seedlings) per treatment
combination surviving to each sampling date over a 158 d monitoring period. Dashed lines
represent “transplant” individuals (those stranded in a foreign intertidal environment) and solid
lines represent “resident” individuals (those stranded in their origin intertidal environment). At
time ‘0 d’ n=60 for all treatment groups.
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Low Intertidal Environment
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Figure 8. Proportion of surviving propagules per treatment combination established at each
sampling date over a 158 d monitoring period. Dashed lines represent “transplant” propagules
(those stranded in a foreign intertidal environment) and solid lines represent “resident”
propagules (those stranded in their origin intertidal environment). At 0 d, n=60 for all treatment
groups.
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Change in Seedling Height (cm)
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Figure 9. Change in mean seedling height measured across replicates of each treatment group
from 31 October 2017 (33 d after the start of the experiment) to 5 March 2018 (158 d after the
start of the experiment). Dashed lines and triangles represent “transplant” propagules (those
stranded in a foreign intertidal environment) and solid lines and circles represent “resident”
propagules (those stranded in their origin intertidal environment). Values are mean ± SE change
in seedling height from mean height measured 31 October 2017 (33 d). [at time ’33 d’: ‘Low to
Low’(n = 42); ‘Mid to Low’ (n = 44); ‘Low to Mid’(n = 30); ‘Mid to Mid’ (n = 17)] .
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DISCUSSION
As mangrove populations expand landward into higher tidal environments in response to
sea-level rise (Semeniuk, 1994; Gilman et al., 2008; Soares, 2009; López-Medellín et al., 2011,
Smith et al., 2013), variation in recruitment of new individuals linked to intertidal position may
have direct impacts on encroachment success of these transgressing coastal communities.
Recruitment variation has been explored in studies that discuss the influence of intertidal
position of the mangrove, Avicennia germinans, but has been limited to examination at tidal
elevations of established populations (Ellison and Farnsworth, 1993; Mckee 1995; Delgado et
al., 2001; Sousa et al., 2007 [but see Patterson et al., 1997; Devaney et al., 2017; Langston et al.,
2017]). While this work has been crucial in building a foundational knowledge of A. germinans
recruitment, it may not accurately represent the establishment and early post-establishment
growth dynamics of populations shifting their intertidal distribution landward. The study here
empirically tested the influence of intertidal position on early life history stages of A. germinans
within a transgressing population, thus incorporating higher intertidal positions outside of A.
germinans’ fundamental niche. I found that propagules stranded at higher tidal elevations,
representative of intertidal positions into which A. germinans are migrating, displayed reduced
propagule survival and establishment when compared to lower intertidal positions. Interestingly,
my results clearly show that this deleterious effect on performance appears to recede once
propagules have transitioned to the seedling stage.
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Before testing the impact of intertidal position on early performance of Avicennia
germinans recruits in the field, I confirmed through a mark and recapture study of dispersing
propagules that propagules moved from lower to higher tidal elevations (landward) at all
propagule release intertidal positions. Across release positions, A. germinans propagules
recovered outside of their parent tree radius experienced limited landward movement most
frequently (i.e. < 5.0 m). However, at the lowest intertidal position, long-distance dispersal was
recorded with some propagules recovered greater than 14 m landward of their release point 37 h
post-deployment. These findings indicate that propagules abscising from parent trees occupying
low intertidal positions of my study site can reach the upper intertidal encroachment area during
1-2 high tides of a spring tidal event.
Once landward long-distance dispersal was empirically observed, I tested the impact of
intertidal position on Avicennia germinans propagule establishment and post-establishemnt
growth at tidal elevations representative of (1) the species’ current niche and (2) the higher
intertidal environment into which populations are migrating in response to rising sea-level. The
results of my reciprocal transplant field study revealed that although A. germinans propagules
were able to establish and grow at both low and intermediate tidal elevations, greater propagule
mortality, proportionally less successful establishments, and decreased initial seedling growth all
occurred at the highest intertidal position. Thus, at areas of active landward encroachment
metrics of mangrove propagule performance decreased, likely linked to stressful abiotic factors
typical of higher intertidal positions (i.e. standing water and increased edaphic salinity) acting on
early stages of A. germinans establishment (Patterson et al., 1997; Dangremond et al., 2015). In
contrast, predation on propagules and/or seedling at either intertidal position appeared to have
minimal impact on initial mangrove performance (see Delgado et al., 2001). Thus the increased
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initial performance of A. germinans propagules at a lower tidal elevation indicates that early
success of populations migrating to higher intertidal positions may be limited by the stressful
abiotic conditions present at these elevations.
Furthermore, the results of my reciprocal transplant study suggest that the intertidal
position at which propagules are stranded may be a stronger predictor of initial mangrove fitness
than location of propagule origin within landward transgressing Avicennia germinans
populations. Though resident A. germinans propagules of the lower intertidal environment had a
higher survivorship and greater number of successfully established individuals than that of
transplants, lower intertidal transplants outperformed resident propagules in the higher intertidal
environment. My results do not support the concept of local adaptation commonly reported in
studies of plant ecology which assumes that individuals are adapted to their native environment
and will have a greater mean fitness than transplants within this environment (Leimu and
Fischer, 2008; Lowry, 2012). Evidence of interspecific local adaptation of mangrove species
along an intertidal gradient has been found in past experimental manipulations (Ellison and
Farnsworth, 1993; Chen and Ye, 2013), but an evaluation of local adaptation of a single
mangrove species along an intertidal gradient is now presented.
Results obtained from following mangrove propagules from dispersal through to
establishment and early growth revealed a critical establishment period (0 d – 33 d) for
Avicennia germinans propagules. It was only during this establishment period and stranding life
stage that intertidal location of propagule origin significantly influenced survival. After this time
interval and establishment as a seedling, no mortality was observed at any tidal elevation for the
remaining 125 days of the study. Abiotic conditions during A. germinans propagule stranding,
such as salinity (Alleman and Hester, 2011) and temperature (Pickens and Hester, 2011), reduce
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propagule viability over time but, once established, young mangrove seedlings have an increased
tolerance of these factors. In comparison, past experimental studies have focused on mortality at
the mangrove seedling stage when examining effects of abiotic and biotic conditions related to
tidal elevation (Smith, 1987; Krauss et al., 2006; Chen and Ye, 2013). My findings are in
agreement with those of McKee (1995) and Peterson and Bell (2012) which highlight the
increased risk of mortality at the propagule life stage when compared to the seedling life stage.
The notable variation observed in A. germinans propagule survival by origin intertidal location,
despite controlling for propagule size (Lin and Sternberg, 1995; Ball, 2002), suggests that
maternal nutrient provisioning of propagules may significantly influence early mangrove
performance in higher intertidal environments (Krauss et al., 2008).
Observations of growth of Avicennia germinans seedlings initially revealed that during
early post-seedling establishment, intertidal location of the seedling influenced seedling height,
with greater growth on average in the lower vs higher tidal elevation. However, the difference in
mean seedling height between intertidal location groups decreased over time (e.g. 125 days of
growth). Thus, although intertidal position of seedling establishment influenced initial growth,
other environmental factors, such as temperature (Devaney et al., 2017), light level (Smith, 1987;
Dangremond et al., 2015), or soil fertility (Krauss et al., 2006; Simpson et al., 2013), are likely to
become components of the suite of important factors influencing growth of older seedlings.
Intraspecific recruitment by mangroves across intertidal positions has implications for
successful population migration landward. The reciprocal transplant study suggested that A.
germinans propagules originating from a lower intertidal environment (a tidal elevation
characteristic of an A. germinans’ niche) have a higher survival potential during the critical
establishment period in upper intertidal environments. Accordingly, if A. germinans propagules
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from the low intertidal are able to disperse beyond a population’s niche and arrive beyond the
landward boundary during the critical establishment period, then they may be more likely to
contribute successfully to population distribution shifts into higher intertidal environments than
local recruits. Instances of long-distance (> 14.0 m) landward dispersal of propagules from the
lower intertidal environment was recorded within an actively transgressing A. germinans
population, likely due to a combination of spring tide hydrodynamic conditions (Appendix A:
Fig. A1; Peterson and Bell, 2015) and permeable vegetative structure (Appendix B: Fig. B1;
Peterson and Bell, 2012; Van der Stocken et al., 2015). However, the dispersal patterns of the
study site demonstrate that short-distance dispersal (< 5.0 m) is most frequent across all intertidal
positions, thus recruitment in the landward encroachment area is most likely dominated by a
contribution of local propagules. This pattern of local recruitment may have a significant impact
on the genetic diversity of landward transgressing mangrove populations as propagule dispersal
conditions create a bottleneck effect (Friess et al., 2012) in encroachment areas. Moreover, the
reciprocal transplant findings suggest that interpretation of A. germinans survival at novel
intertidal elevations should be examined at the propagule life stage and that variation in maternal
investment in propagules along an intertidal gradient may influence recruitment success at
stressful upper intertidal positions.
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APPENDIX A:
MEAN WATER LEVEL (m) AT EACH INTERTIDAL TREATMENT POSITION OVER
THE MARK AND RECAPTURE STUDY PERIOD
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Figure A1: Mean water level (i.e. height (m) of water above substrate at logger location)
measured at each intertidal treatment position every hour from 18:00 5 September 2017 to 7:00 7
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APPENDIX A: continued

September 2017. This 37 h period was the experimental dispersal period for deployed propagules
during the mark and recapture study. Two HOBO U20L-004 data loggers were deployed on
separate transects at each treatment position and water levels were averaged for each recorded
hour over 37 h.
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APPENDIX B:
REPRESENTATIVE PLOTS OF PLANT TAXA AT EACH INTERTIDAL POSITION
TREATMENT LOCATION

“Lower”

“Middle”
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APPENDIX B: continued

“Upper”

Figure B1: Representative 0.5 x 0.5 meter plots of herbaceous and woody groundcover at each
intertidal position treatment. Established transects at the site ran parallel to the site’s intertidal
gradient, beginning 50 – 70 m inland of the tidal cove and extended 90 m upland to. The “Low”
intertidal position treatment represents the plant community of the mangrove fringe. The
“Middle” intertidal position treatment was located 45 m inland of the “Low” position on each
transect and represents an area of active mangrove encroachment into an established saltpan
community. The “Upper” intertidal position treatment was located 45 m inland of the “Middle”
position on each transect and represents the highest tidal elevation at the site where mangrove
encroachment is occurring.
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